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The magnetic structure of antiferromagnetically ordered phases of quasi-one-dimensional or- 
ganic conductors is studied theoretically at absolute zero based on the mean field approximation 
to the quarter-filled band with on-site and nearest-neighbor Coulomb interaction. The differ- 
ences in magnetic properties between the antiferromagnetic phase of (TMTTF)2X and the spin 
density wave phase in (TMTSF)2X are seen to be due to a varying degrees of roles played by 
the on-site Coulomb interaction. The nearest-neighbor Coulomb interaction introduces charge 
disproportionation, which has the same spatial periodicity as the Wigner crystal, accompanied 
by a modified antiferromagnetic phase. This is in accordance with the results of experiments by 
Nakamura et al on (TMTTF)2Br and (TMTTF)2SCN. Moreover, the antiferromagnetic phase 
of (DI-DCNQI)2Ag is predicted to have a similar antiferromagnetic spin structure. 

KEYWORDS: TMTCF, nearest-neighbor Coulomb interaction, mean field approximation, antiferromagnetic spin 
ordering, charge disproportionation, DCNQI 

Quasi-one-dimensional organic conductors which have a quarter- filled (or 3/4- filled) band such 
as (TMTCF)2X, (DCNQI)2M(M=Ag,Li), MEM-(TCNQ)2 exihibit a variety of phases. In this 
work, the microscopic origin of this variety was theoretically searched for with special emphasis on 
(TMTCF)2X and (DI-DCNQl)2Ag. 

(TMTCF)2X, where X=PF6, CIO4, Br, NO3, etc. is a generic name for the compounds 
(TMTSF)2X, also cahed Bechgaard salts, and their sulphur analogs (TMTTF)2X.0) (TMTSF)2X 
salts have metallic room temperature resistivity and usually undergo a spin density wave (SDW) 
transition at 10-12K which is caused by the nesting of its Fermi surface. The SDW in 
(TMTSF)2PF6, for example, has an incommensurate wave number (0.5, 0.20-0.24, 0-0.06) and 
an amplitude of 0.08 /molecule. II & Application of hydrostatic pressure supresses the SDW tran- 
sition and gives rise to superconductivity.!^ In contrast, (TMTTF)2X salts are semiconducting with 
a shallow minimum in resistivity at 250-100 K. This paramagnetic insulating phase has been un- 
derstood as a Mott insulator due to electronic correlation, ill) because the one-dimensional (1-D) 
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band of the TMTCF chain is effectively half-filled because of the dimerization of molecules. The 
ground states of the members of the (TMTTF)2X family are either spin-Peierls dimerized or an- 
tiferromagnetic states. In the case of (TMTTF)2Br and (TMTTF)2SCN, the ground state is an 
AF phase with a commensurate wave number and magnetic moment at ambient pressure of (1/2, 
1/4, 0) and 0.14 ^us/molecule, respectively, as disclosed by Nakamura et a/.Si' The line shape 
observed in these two experiments suggests that the microscopic spin structure in these salts is 
as shown in Fig. 1.0 Furthermore, in (TMTTF)2Br under pressure the existence of an AF state 
with an incommensurate wave number has been indicate This incommensurate phase can be 
considered to be similar to the SDW phase in (TMTSF)2X. 
In order to study the effect of the Coulomb interaction in TMTCF salts, we consider a 1-D chain 



Fig. 1. Spin structure of (TMTTF)2Br and (TMTTF)2SCN in the TMTTF chain, indicated by NMR experiments. 
□■H' Circles represent TMTTF molecules, and arrows pointing upward (downward) represent places where the up 
(down) spin appears. 



of TMTCF molecules. It is expected that a reasonable description will be provided by the 1-D 
dimerized extended Hubbard model defined by the Hamiltonian 

H =ti (^af^Oi+i^ + h.c?j +t2 Y (4<7"i+i<T + ^-c-) 

i even^cr i odd,a 

C/^nj|ni| + y ^niH-i+i, (1) 

i i 

where a is a spin index and takes j and j, riia and (ajo-) denote the number operator and the 
creation (annihilation) operator for the electron of spin a at the ith site and rii = rii^ + njj. U and 
V are the on-site and nearest-neighbor Coulomb interactions, respectively. 

We treat U and V in the mean field (MF) approximation and follow the treatment by Kino 
and Fukuyama,@lii' who have elucidated that the variety of ground states of several BEDT-TTF 
compounds can be understood in terms of the on-site Coulomb interaction and the dimerization as 
key factors. 

We assume that four molecules make the basic lattice periodicity in the chain direction, as is 
indicated by experiments. Thus there are four different sites in a unit cell and the MF Hamiltonian 
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in fc-space is given by 
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where a is opposite to a and a^k^ is the Fourier transform of aia, i.e. a^kcr 



^ aika ^ 

0'2ka 

\ O-ika ) 
1 



(2) 



{ai')a 



\/^ell 

and Nceii is the total number of unit cehs. a and v denote the cell number and the number of the 
molecule, respectively. The ho term is a matrix which comes from the first term of eq. (1). 

Our calculation is carried out at T = and the electron density is fixed at quarter filling, namely, 
two electrons per 4 molecules, since the band of (TMTCF)2X is quarter-filled in terms of holes. 
It is supposed that the total spin moment in the unit cell is zero, i.e., the solutions we consider 
are only paramagnetic or antiferromagnetic ones within a chain, and possible ferro/ferrimagnetic 
states are excluded, which is reasonable based on the results experiments. Actually in the entire 
range of parameters we show in the following, no ferromagnetic states are stabilized. 

In the case ofV = 0, the results indicate that an AF state, whose spin configuration is as shown 
in the inset of Fig. 2, is stabilized. We set ti > t2 here, so that the pairs of molecules (1-2) and 
(3-4) can be considered as dimers. The directions of the spin moments inside the dimers are the 
same and the AF ordering occurs between dimers, i.e. Sz(l) = Sz(2) = — Sz(3) = — Sz(4) (t t i i)- 
We have plotted the absolute value of spin per molecule, S^, as a function of U/t2 for various values 
of ti/t2 in Fig. 2. It is seen that the magnitude of the spin moment increases rapidly when the 
on-site Coulomb energy, U, increases and that the dependences on ti/t2 are not so strong at least 
in the parameter range investigated. The wave number of this AF state is 2kF which is identical to 
the 1-D nesting vector, and this AF ordering affects the band structure so as to make the system 
an insulator. In the small U region where the spin moment is small, the nested Fermi surface SDW 
picture is valid, while in the large U region Mott AF (between the dimers) picture with larger spin 
moment would be more suited, although one cannot distinguish these two pictures definitely within 
the MF approximation. The electron density at each site remains 0.5 when U is varied. 

In the presence of finite V, a phase transition occurs between two different types of AF states 
with a fixed value of U. We show in Figs. 3 and 4 the spin, S^, of molecules 1 and 2 for ti/t2 = 1.0 
(without dimerization) and 1.1 (with dimerization) with U/t2 fixed at 5.0. It is seen that the 
charge disproportionation, 6, is accompanied by this transition. We note that Sz(l) = — Sz(3), 
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Fig. 2. U-dependence of absolute magnitude of spin moment per molecule, Sz- 

Sz(2) = — Sz(4) and ni = = 0.5 + S, n2 = n4 = 0.5 — S, where is the electron density at site 

For comparison, we first analyze the results for ti = t2 (Fig. 3), which is the case without 
dimerization. It is seen that there exists Ist-order transition at V = Vc (K/*2 — 0.392 for U/t2 = 
5.0) from the (T T i i) AF state to another AF state, where the spin moment in molecules 2 
and 4 is zero and only the up-spin in molecule 1 and the down-spin in the molecule 3 survive 
(t I 0), as shown in an inset of Fig. 3. As regards the ^-dependence of the spin moment, for 
V < Vc the absolute value of the moment is not different from that in the case of V = 0, while 
for V > Vc, Sz(l) = |Sz(3)| increases with increasing V. This (T ], 0) AF state is accompanied 
by the charge disproportionation, i.e. the electrons on molecules 2 and 4 move to molecules 1 and 
3. This modulation of the charge is the Akp charge-density-wavc (CDW) whose amplitude is twice 
the value of 6. This state can be considered as a Wigncr crystal. 

In the case of ti ^ t2 (Fig. 4), i.e. with dimerization, the latter (t i 0) AF state is modified. 
There appear spin moments also on molecules 2 and 4, and the absolute values of the magnetic 
moments on the two molecules within the dimer are different, as Sz(l) > Sz(2) and |Sz(3)| > |Sz(4)| 
(T T i i), which is schematically shown in the inset of Fig. 4. We note that there exists a charge 
disproportionation with a magnitude similar to that in the case of ti = ^2- The value V = Vc, 
where this phase transition from the (T T i i) state to the (t T i i) state occurs, gets large when 
one increase the degree of dimerization ti/t2, and it appears that the Ist-order phase transition 
crosses over to a 2nd-order-like behavior as ti/t2 is increased. Above Vc, the ^-dependence of the 
spin moment of molecules 1 and 3 is similar to that in the case of ti = t2, though that of molecules 
2 and 4 falls rapidly toward zero as V increases. 



4 



Fig. 3. V-dependence of absolute magnitude of spin moment per molecule, Sz (a) and charge disproportionation, S 
(b) for U/t2 = 5.0, ti/t2 = 1.0. 

In both cases of ti = t2 and ti ^ t2, the magnetic moment has a tendency to increase with 
increasing U when V and ti/t2 are fixed. 

We now compare the results of the calculation and the experimental results, choosing the pa- 
rameters of our theoretical model to fit the actual compounds. In (TMTCF)2X, the Coulomb 
interaction, U, on a TMTCF molecule is considered to be almost the same value in both series and 
of order 1 eV. Extended Hiickel band calculations0llilli'0) show that t2 ~ 0.2 eV for TMTTF 
compounds and t2 ~ 0.3 eV for TMTSF compounds. Thus the ratio U/t2 ~ 5 for TMTTF is 
larger than the value U /t2 — 3 for TMTSF, and the experimental results for the large spin moment 
observed in (TMTTF)2Br and (TMTTF)2SCN compared to the SDW amplitude are consistent 
with the present theory. 

The value of ti/t2 is expected to be about 1.1 in both (TMTTF)2Br and (TMTTF)2SCN, 
hence Fig. 4 applies. The spin structure (| J, 0) suggested by the results of H-NMR 
experiments! 10) in (TMTTF)2Br and (TMTTF)2SCN, which is shown in Fig. 1, is apparently 
different from that given in Fig. 4, but this apparent discrepancy can be understood as follows. 
When the (T T i J.) AF state is realized and the spin moment in molecules 2 and 4 is negligible 
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Fig. 4. V-dependence of absolute magnitude of spin moment per molecule, Sz (a) and charge transfer, S (b) for 

U/t2 = 5.0, ti/t2 = 1.1. 



compared to that in molecules 1 and 3, i.e. when Sz(2) = |Sz(4)| <^ Sz(l) = |Sz(3)|, the ob- 
served line shape will be indistinguishable from that in the case of (| | 0). It is seen in Fig. 
4 that Sz{2) < O.lxSz(l) when V/U > 0.25. Such values of V/U are consistent with the esti- 
mate by Mila,lll' and the quantum chemistry calculations. S'isI* Consequently we conclude that the 
long-range Coulomb interaction plays an essential role in (TMTTF)2Br and (TMTTF)2SCN, and 
probably in the other TMTTF series as well. 

The (T T i i) state is also possible in the presence of two-fold periodic potential, instead of 
the nearest-neighbor Coulomb interaction. This case with two-fold periodic potential has been 
investigated in another context. It turned out, however, that to realize a state without V where 
the spin moment in molecules 2 and 4 is negligible compared to that in molecules 1 and 3, we need to 
introduce an unreasonably large two-fold periodic potential.© Furthermore, the existence of such 
two-fold periodic potential is not expected from the crystallog raphy,0i) because the anions are 
located at the vertices of a parallelipiped and two TMTCF molecules are placed centrosymmetrically 
in the central cavities. 

Next we will analyze the effect of pressure on (TMTCF)2X. It is considered that the bandwidth 
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increases and the degree of dimerization decreases with increasing pressure, while U will be hardly 
affected, then the reduced on-site Coulomb interaction U /t2 and the ratio ti/t2 will both decrease. 
The present theoretical results indicate that the magnetic moment decreases when U/t2 and/or 
ti/t2 decreases. Thus it is expected that the materials whose ground state is Mott AF at ambient 
pressure will be transformed into an SDW as the pressure is increased. In (TMTTF)2Br the 
transition between a Mott AF phase to an SDW phase was actually observed.0) 

Finally we discuss the properties of (DCNQI)2Ag, which is quite similar to (TMTTF)2X. A 
recent resistivity measurement® on (DI-DCNQI)2Ag has disclosed an insulating behavior in the 
entire temperature range below 300 K. Below 200 K, a Akp CDW which is of the charge modulation 
type has been observed in an NMR experiment,@^ and an AF transition occurs at 5.5 K.S On the 
other hand, (DMe-DCNQI)2Ag is metallic down to 100 K, below which the system crosses over to 
insulating phase accompanied by a 4A;i? CDW, as suggested by x-ray diffusive scattering .H^ 

Since (DCNQI)2Ag systems have no dimerization along the DCNQI stack direction, i.e. ti = 
t2{= in contrast to the TMTCF family, which is quarter- filled, the existence of a Mott insulator 
produced by on-site Coulomb interaction, U, is not possible, while a Wigner crystal due to nearest- 
neighbor Coulomb interaction, V, is a candidate. Actually, the intrachain transfer energy t|| is 
estimated to be about 0.2 eV by first principles calculation, il) and the on-site Coulomb interaction 
U is of the order of 1 eV, so U/t^^ ~ 5, which is similar to the value for TMTTF salts. Moreover, V 
is expected to be quite large as in the case of TMTTF compounds. Then the electronic structure 
of the ground state is expected to be (t J, 0) AF state as shown in Fig. 3. This consideration is 
consistent with the observed Akp CDwM© 

We note here that, in spite of the capability of the exploration of the general trends in a unified 
way so far demonstrated, the present MF scheme does not take account of fluctuations, and over- 
estimates the stability of magnetic orderings. In fact, the magnetic moments obtained in our MF 
calculations are larger than the observed value in TMTCF compounds. For understanding of such 
more quantitative features, effects of the interchain transfer should be taken into account, which is 
under study. 

In summary, we have studied the effects of on-site and nearest-neighbor Coulomb interaction 
in a quarter-filled 1-D band with and without dimerization, and found that various types of AF 
spin structure are stabilized. In the absence of V, the spin structure of the type (T T i i) is the 
ground state independent of the degree of the dimerization, and the charge density is uniform. The 
staggered magnetization is larger for larger U in general. On the other hand, once V is larger than 
some critical value charge disproportionation is realized which can be considered as a tendency 
toward formation of the Wigner crystal. The spin structure in this case is (f | 0) or (| t i i) 
depending on without or with dimerization. These theoretical results explain experimental findings 
in (TMTTF)2X and predict the AF spin structure in (DI-DCNQI)2Ag. This is the first reported 
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study which has clarified the unique roles of V and dimerization in stabilization of characteristic 
spin structures in 1-D quarter-filled band. 
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